Abstract: Temperature-dependent small-angle X-ray scattering spectroscopy of isothermally cold crystallized isotactic polystyrene revealed considerable morphological reorganization during subsequent heating to the melt. Both the crystalline thickness and the long period increased continuously with increasing temperature before the samples finally melted. The temperature dependence of these changes correlated very well with the melting behaviour observed with differential scanning calorimetry. As the temperature increased during a heating scan, the initial lamellae that formed during isothermal crystallization showed only little reorganization until they started to melt. Then, the molten material recrystallized continuously into increasingly thicker lamellae at increasing temperature until they finally melted. As the crystallization temperature approached the final melting temperature of the recrystallized lamellae, the initial lamellae melted without further recrystallization and no morphological changes were seen in this case.
Introduction
Crystallization in polymers is governed by kinetic criteria rather than the laws of thermodynamics. This leads to the formation of a metastable semicrystalline state in which thin lamellar crystals are dispersed into non-crystalline regions [1, 2] . Consequently, if a semicrystalline polymer is subjected to a progressively increasing temperature, its crystalline lamellae are expected to undergo a continuous reorganization into more stable states [3] . This phenomenon is expected to be shown by all semicrystalline polymers. However, its strength varies between different polymers and even for different samples prepared from the same polymer under different crystallization conditions. This is due to the effect of factors such as the stability of the initial lamellae and the duration of the experiment. One of the early indications of such reorganization processes was presented by thermal analysis [4] [5] [6] . Differential scanning calorimetry (DSC) of several semicrystalline polymers showed a double melting peak. This was attributed to the melting of the initial less stable lamellae and recrystallization into more stable lamellae which then melt again at higher temperatures. This attribution, however, is still a matter of debate and has been criticized by many workers as it is solely based on thermal analysis [7] [8] [9] . Therefore, a more detailed morphological analysis is still needed to elucidate the phenomenon.
In this communication, we present the results of a small-angle X-ray scattering (SAXS) study of the morphological changes in isothermally crystallized isotactic polystyrene (iPS) samples during their heating to the melt. In particular, we address the reorganization processes of the crystalline lamellae. The role of the amorphous phase is a bit more problematic and it is currently under investigation. iPS was chosen for the following reasons: It does not exhibit a chain sliding motion process, an α-process, that is responsible for lamellar thickening [10] . It develops no polymorphism and therefore any complexity caused by transformation between different crystalline modifications will be avoided. Furthermore, it is a slowly crystallizing polymer and so a wide range of samples crystallized at different temperatures can be investigated [6] . It also has a complex melting behaviour where in some cases up to three melting peaks can be detected in its DSC curve [5, 6] . Finally it was neatly shown by both Basset and Petermann [9, 11, 12] using electron microscopy that iPS develops nice laterally extended lamellae and this makes it easier to analyze the SAXS data.
Experimental part
The polymer we used was purchased from Scientific Polymer Products, Inc. and had a weight-average molecular weight of 400 000 with a triad tacticity of 90%. It was used as received without trying to remove a possible atactic component. Cold crystallized samples (annealed from the glassy state) were prepared first. This was done by melting the as-received material at 250°C for 20 min under vacuum and then quenching it into an ice/water mixture. The sample was then transferred as quickly as possible to the temperature-controlled cell of the SAXS camera which was pre-set at a desired T c . After the samples completed their isothermal crystallization, they were subsequently heated to the melt in a stepwise manner. Time-and temperaturedependent SAXS curves were recorded using an evacuated compact Kratky camera attached to a conventional Cu X-ray tube. The scattering curves were recorded using a position sensitive detector within a few minutes counting time. As a representative example, Fig. 1 shows the Lorentz corrected SAXS curve of a sample isothermally crystallized at 155°C. The analysis of the desmeared [13] corrected SAXS curves was based on the two-phase model [1] . Accordingly, the long period within the lamellar stack, L, and the crystal thickness, d c , were extracted from the interface distribution function (IDF). Finally, a Perkin Elmer DSC-7 was used to record the melting curves of isothermally crystallized samples in order to draw some comparison between the SAXS and DSC results. The same thermal history was used in both the SAXS and DSC measurements for samples crystallized at the same crystallization temperatures as shown in Fig. 2 . The linear crystallinity as determined by the ratio d c / L from SAXS measurements was found to be ≈ 0.31 for all samples, irrespective of their crystallization temperatures. This came very close to the DSC crystallinity where a value of 0.30 was found for all samples.
Results and discussion
Fig . 3 shows the evolution of both d c and L with time during isothermal crystallization at four different temperatures. As it can be seen, the higher the crystallization temperature the larger the crystalline thickness and the long period. It is also evident that at each crystallization temperature, both sizes showed no detectable changes throughout the whole crystallization process. This in itself is an important revelation as it demonstrates that neither lamellar thickening nor a multi-lamellar population was developed during the isothermal crystallization. The development of at least one of them would cause a change in the detected values of both sizes. The initial higher values of L are due to the fact that at the beginning of the crystallization process, the lamellae are formed widely apart. Then they continue to grow laterally approaching each other and this makes L approaching its final constant value. This seems to be a common behaviour of a large number of semicrystalline polymers as revealed by our previous studies. The changes of d c and L during a subsequent heating to the melt are shown in Fig. 4 . As can be seen, the two sizes changed simultaneously in the same fashion for all samples. For samples crystallized at temperatures lower than 220°C, both sizes kept constant first up to a certain temperature and then increased continuously until the sample was finally molten. A final melting temperature of 232°C was common for all samples irrespective of their crystallization temperatures. It is worth to note here that the temperature at which the increase of d c and L started to take place increased with increasing crystallization temperature. This general behaviour carried on up to a crystallization temperature of 220°C. In this case both sizes showed effectively no changes up to the final melting. As demonstrated by the results of time-dependent SAXS measurements, neither lamellar thickening nor multi-lamellar distributions took place during isothermal crystallizations. Furthermore, the subsequent heating experiments were carried out immediately after the isothermal crystallizations which ruled out the possibility of forming new thin lamellae by secondary crystallization during a prior cooling. Therefore, it can be concluded that the continuous changes in both crystal thickness and long period during the subsequent heating scans were due to some reorganization processes of the initial lamellae that formed during isothermal crystallization. A more careful look at the temperature-dependent SAXS results reveals that they fulfil all the criteria of the melting-recrystallization model which will be addressed now one by one. First, this model assumes that the initial lamellae melt first at a temperature, T m1 , that increases with increasing crystallization temperature. This description fits the behaviour of the temperature at which the increase of both d c and L started, which we will refer to as T m SAXS . Second, the recrystallized lamellae melt at a higher temperature, T m2 , which is set only by the heating rate of the experiment regardless of the crystallization temperature. This also was shown by samples crystallized at temperatures lower than 220°C -they all melted at a common final temperature of 232°C. Finally, it assumes that recrystallization will stop for samples crystallized at sufficiently high temperatures. This is due to the high melting temperatures of their initial lamellae which lie in the vicinity of T m2 and so no time will be left for the molten lamellae to recrystallize during the scan. Again this was demonstrated by SAXS where samples crystallized at temperatures equal to or greater than 220°C showed no changes in both d c or L up to the melt. Representing the crystalline thickness data of Fig. 4 in a phase-diagram-like plot, as shown in Fig. 5 , led to a better understanding. As can be seen a linear relationship was found between T m SAXS and the reciprocal of the crystalline thickness. Such a behaviour is typical of the melting temperature of the initial lamellae as expected from the Gibbs-Thompson equation. This again favours the assignment of T m SAXS to the melting temperature of the initial lamellae. Considering all these observations, the results of the temperature-dependent SAXS measurements can be explained as follows. As the temperature increased during a heating scan, the initial lamellae that formed during isothermal crystallization showed only little reorganization until they started to melt at T m SAXS . Then, the molten material recrystallized continuously into increasingly thicker lamellae at increasing temperature until they finally melted. As T c approached the final melting temperature of the recrystallized lamellae, the initial lamellae melted without further recrystallization and no morphological changes were seen in this case. It is worth to note here that the recrystallized lamellae melted again at the same melting line of the initial lamellae during their continuous meltingrecrystallization process.
We now present the thermal analysis results in order to establish some kind of correlation between them and the morphological changes that revealed by the SAXS results. The DSC curves, obtained at a heating rate comparable to that of the SAXS measurements for samples crystallized under similar conditions as those used in the SAXS measurements, are presented in Fig. 6 . As it can be seen, two or three melting endotherms were observed depending on the crystallization temperature. The minor endotherm always was observed 5 -10°C above T c . A similar endotherm has been observed for several other semicrystalline polymers and many workers have investigated its origin [14] [15] [16] [17] . As a result of that several sources have been proposed. This includes melting recrystallization during the heating process, the presence of more than one crystal modification, different morphologies, physical ageing and mobilization of a rigid amorphous fraction. The data presented in Fig. 4 show that there were no detectable changes in L or d c at the position of this endotherm. The other two prominent peaks behaved in a manner similar to that seen in the SAXS measurements. While the low-temperature endotherm varied with crystallization temperature, the high-temperature endotherm remained constant independent of the crystallization temperature. Furthermore, the values of the low-temperature endotherm came very close to the T m SAXS values for samples crystallized under the same conditions. Also, the high-temperature endotherm was found at 231.7°C, in accordance with the final melting temperature observed by SAXS measurements. Thus, a very good correlation is existing between the temperature-dependent SAXS and the DSC results in this case. 
Conclusions
The morphological changes during heating of lamellar crystals to the melt were followed by temperature-dependent SAXS measurements. The results demonstrated that considerable morphological changes took place at high temperatures but below the final melting point. The temperature dependence of these changes seem to favour the melting-recrystallization model. The effect of these morphological changes showed up in the DSC curves. More importantly, our results demonstrate that an excellent correlation can be found between temperature-dependent SAXS and calorimetric measurements, provided that both are performed under similar conditions. This correlation provides a morphological basis for the complex thermal behaviour of iPS and can also shed light on the complex melting behaviour of other semicrystalline polymers. It is also interesting to note that our SAXS data show no changes in both long period and crystal thickness at the position of the low endotherm in the DSC curve.
